The catalytic performance of Ce-and La-promoted Ni/SBA-15 catalysts for syngas production from CO2 reforming of methane has been investigated in a fixed-bed reactor at stoichiometric feed composition. Both promoted and unpromoted catalysts possessed high BET surface area of 303-445 m 2 g -1 . Additionally, SBA-15 support had a relatively uniform rod-like shape with a diameter of about 0.55 µm and a reduction in the crystallite size of NiO phase from 27.0 to 19.1 nm was observed with promoter addition reasonably due to the strong interaction between promoter and NiO particles. CeO2 and La2O3 dopants were finely dispersed on catalyst surface. Temperature-programmed oxidation of spent catalysts showed that coke-resistance was improved significantly with promoter modification and 3%La-10%Ni/SBA-15 catalyst was the most resistant to carbonaceous deposition rationally due to the least NiO crystallite size hindering the nucleation and growth of graphitic carbon. Hence, La-promoted catalyst appeared to be the optimum catalyst in terms of reactant conversion, H2 yield and stability whilst a gradual decline in both reactant conversion and H2 yield was experienced with unpromoted and Ce-doped catalysts. Regardless of catalyst types, the ratio of H2 to CO was always less than unity preferred for Fischer-Tropsch synthesis.
Introduction
Climate change and energy shortage are currently two main global problems. The undesirable rise of anthropogenic greenhouse gas emissions due to the combustion of unsustainable fossil fuels has directly resulted in global warming. The substantial reliance on petroleum-based energy undergoing irrecoverable depletion and the associated release of unfavorable CO2 gas have prompted campaigns for alternatively clean and renewable energy sources. Syngas regarded as a CO and H2 mixture has gained significant attention since it can be used as feedstock for Fischer-Tropsch synthesis (FTS) to produce green synthetic fuel and valuable petrochemicals [1, 2] . The conventional and industrial methods for syngas production are steam reforming [3] , partial oxidation [4] and autothermal reforming [5] of methane. However, methane dry (or CO2) reforming (MDR) has been recently recognized as an attractive and efficient process for syngas generation since it involves the conversion of two mainly undesirable greenhouse gases (i.e. CO2 and CH4) to useful products [6] and generates syngas with an appropriate H2/CO ratio for downstream FTS [7] [8] [9] .
Precious metal-based catalysts reportedly have outstanding coke-resistance, great activity and high selectivity for MDR reaction. They are, however, considerably expensive and low availability [10] and hence unsuitable for industrial application. As a non-noble metal, Ni catalysts supported on various semiconductor oxides, namely, Al2O3 [11] , TiO2 [12] and ZrO2 [11, 13] have been widely investigated for MDR reaction owing to their comparable catalytic performance to noble metals and relatively low price. However, the major constraint associated with Nibased catalysts is that they are prone to rapid deactivation through sintering of Ni particles due to low Tammann temperature [14] and coking [15, 16] arising from CO disproportionation and CH4 decomposition reactions as given in Eqs. (1) and (2), respectively.
The stability and activity of Ni catalyst for MDR were reportedly enhanced by the impregnation of Ni particles on the mesoporous silica molecular sieve SBA-15 support owing to the possession of high hydrothermal stability, great surface area with ordered mesoporous channels and thick pore walls [17, 18] . However, the knowledge about the promotional effect of lanthanide group on SBA-15 supported Ni catalyst for CO2 reforming of methane is still limited. Hence, this research aims to examine the role of Ce and La promoters on catalytic stability and activity of Ni/SBA-15 catalysts for MDR reaction. The influence of lanthanide promoters on physicochemical properties was also investigated in this study.
Experimental

Catalyst preparation
In order to synthesize SBA-15 support, approximately 25 g of triblock-poly(ethylene glycol)-blockpoly(propylene glycol)-block-poly(ethylene glycol) referred as Pluronic ® P-123 (EO20PO70EO20 with an average molecular weight of 5800 procured from Sigma-Aldrich Chemicals) was dissolved in 650 mL of HCl solution with controlled pH of about 1 at 303 K. The mixture was subsequently stirred at 1000 rev min -1 for 2 h to ensure the complete dissolution of the P-123 triblock copolymer. After dissolving completely surfactant solution, about 50 g of tetraethyl orthosilicate (TEOS from Merck Millipore) was further added dropwise to P-123 mixture and stirred rigorously for 24 h at 310 K. The resulting solid powder was filtered out and washed with deionized water before it was dried at 373 K in an oven followed by calcination in air at 823 K for 6 h with a heating rate of 2 K min -1 . Unpromoted and promoted 10%Ni/SBA-15 catalysts were prepared by incipient wetness impregnation and coimpregnation approaches, respectively. A measured amount of Ni(NO3)2.6H2O and La(NO3)3.6H2O or Ce(NO3)3.6H2O aqueous solutions was impregnated with appropriate amounts of synthesized SBA-15 support to produce 10%Ni/SBA-15, 3%La-10%Ni/SBA-15 and 3%Ce-10%Ni/SBA-15 catalysts. The mixture was thoroughly stirred in a rotary evaporator (BÜCHI Rotavapor R-200) at 338 K for 2 h under vacuum until water was removed. The solid sample was further dried in an oven for 24 h and calcined with air in the same oven at 973 K for 5 h with a heating rate of 2 K min -1 .
Catalyst characterization
The measurement of Brunauer-Emmett-Teller (BET) surface area for catalysts and associated support was performed in a Micromeritics ASAP-2010 apparatus using N2 adsorption and desorption isotherms data obtained at 77 K. Prior to each measurement, specimen was outgassed in N2 flow at 573 K for 1 h to remove moisture and surface contamination. X-ray diffraction (XRD) patterns were measured on a Rigaku Miniflex II system using Cu monochromatic X-ray radiation (with wavelength, λ = 1.5418 Å) at 30 kV and 15 mA. A relatively small step size of 0.02 0 was used to achieve high resolution during the scanning performed within the range of 2θ = 3 0 -80 0 at a scan speed of 1 0 min -1 . The surface morphology of both the SBA-15 support and Ni-based catalysts was also investigated using a field-emission scanning electron microscope (FESEM) in a JEOL JSM-7800F instrument.
In addition, spent catalysts obtained after MDR reaction were characterized by temperature-programmed oxidation (TPO) in order to determine the types and quantify amounts of deposited carbon formed on catalyst surface during the reforming reaction. About 5 mg of weighed sample mounted in a ceramic crucible was dehydrated at 373 K for 30 min in flowing N2 of 100 mL min -1 before being heated to 1023 K at a ramp rate of 10 K min -1 under 100 mL min -1 flow of 20%O2/N2 mixture. The sample was further kept isothermally at this temperature for 30 min and subsequently cooled down to room temperature in N2 flow.
Catalyst testing
The MDR reaction was conducted under atmospheric pressure at 1023 K in a quartz tube fixed-bed continuous flow reactor using about 0.15 g of catalyst mounted in the middle of reactor by quartz wool. The tubular reactor was placed vertically in a split temperature-controlled furnace and reaction temperature was accurately measured with time-on-stream (TOS). The Alicat mass flow controllers were used for regulating precisely the flow rates of CH4 and CO2 reactants, which were diluted in N2 inert gas before directing to the inlet of fixed-bed reactor. The total flow rate of the feed gases (CO2/CH4/N2) was maintained at 60 mL min -1 whilst the partial pressure of CO2 and CH4 was kept constant at PCO2 = PCH4 = 20 kPa for each run. Catalyst with average particle size of 100-140 µm and gas hourly space velocity (GHSV) of 24 L gcat -1 h -1 were used for all reactions in order to guarantee negligible mass and heat transport resistances for obtaining the intrinsic catalytic activity. Repeated runs were carried out under the same reaction conditions to confirm the reproducibility of the experimental results. The composition of gaseous product stream from the outlet of fixed-bed reactor was accurately analyzed in a gas chromatograph (Agilent 6890 Series GC system) possessing both FID and TCD detectors.
Results and discussion
Textural properties
The textural properties (including BET surface area, average pore volume and pore diameter) of the promoted and unpromoted catalysts as well as calcined SBA-15 support are summarized in Table 1 . The calcined SBA-15 support has a high surface area of about 550 m 2 g -1 comparable to other studies [19] . However, a considerable reduction in both BET area and average pore volume was observed with the incorporation of nickel oxide, ceria and lanthana. The inevitable drop in surface area and pore volume indicates the successful diffusion of both active metal and promoter to the ordered mesoporous channels of SBA-15 support. Additionally, pore blockage due to the agglomeration of NiO particles on pore entrances could induce a decline in these textural attributes. Fig. 1 shows the XRD patterns of fresh mesoporous SBA-15 support, unpromoted and promoted 10%Ni/SBA-15 catalysts. X-ray diffractograms were interpreted using the Joint Committee on Powder Diffraction Standards (JCPDS) database [21] . The broad peak located at about 2θ = 15 0 -30 0 (cf. Figs. 1(a)-(d) ) is ascribed to the SiO2 frameworks of the SBA-15 support (JCPDS card No. 29-0085) for all samples in agreement with other studies [18, 22] . The characteristic peaks of crystalline NiO phase (JCPDS card No. 47-1049) were also detected at 2θ = 37.3 0 , 43.3 0 , 63.0 0 and 75.5 0 for both promoted and unpromoted catalysts. However, there were no visible peaks for La2O3 and CeO2 phases in the XRD patterns of the promoted catalysts, suggesting that both La and Ce promoters were highly dispersed on the surface of Ni/SBA-15 catalyst reasonably due to the great BET surface area of the mesoporous SBA-15 support as seen in Table 1 . Interestingly, as seen in Table 1 , the average crystallite size of NiO particles was reduced from 27.0 to 20.3 or 19.1 nm with the corresponding Ce or La addition indicating the increasing metal dispersion. This could be due to the strong interaction between promoter and NiO particles preventing the aggregation of NiO crystallites. 
X-ray diffraction measurement
Field-emission scanning electron microscope analysis
The FESEM measurement was performed in order to study the surface morphology of the SBA-15 support, doped and undoped Ni/SBA-15 catalysts as shown in Fig. 2 . FESEM micrograph displays that SBA-15 particles possess a fairly uniform rod-like shape with a diameter of about 0.55 µm (cf. Fig. 2(a) ). These particles seemed to gather to form wheat-like microstructures with ordered mesoporous channels consistent with other reports [23, 24] . As illustrated in Figs. 2(b)-(d) , NiO particles also aggregated on the support surface leading to a considerable decrease in BET surface area (cf. 
Temperature-programmed oxidation
The TPO measurements of spent catalysts collected after MDR reaction for 24 h at 1023 K and PCO2 = PCH4 = 20 kPa were also conducted to estimate the amount of carbonaceous deposition. Fig. 3 represents the TPO profiles of spent unpromoted and promoted Ni/SBA-15 catalysts. A high intensity peak located at high oxidation temperature ranging from 750-970 K for each catalyst was assigned to the gasification of graphitic carbon [25, 26] . The integrated peak area decreased in the order; unpromoted 10%Ni/SBA-15 > Ce-promoted > La-promoted catalysts suggesting the increasing carbon resistance with promoter modification. However, the similar temperature range of oxidation peaks for all spent catalysts indicated that the analogous type of carbon was formed during MDR reaction and the structure of deposited carbon was not significantly affected by Ce and La promoters. The enhancement of carbon resilience with promoter addition was reasonably due to the basic property of CeO2 and La2O3 dopants improving CO2 chemisorption and hence increasing the reverse-Boudouard reaction for carbon elimination [27] . In addition, the excellent oxygen storage-release capacity of these promoters could be responsible for the less carbon deposition rate observed [28] . In fact, the mobile oxygen released from the lattice of promoters could simultaneously gasify the carbonaceous deposition and keep the active sites of catalysts free from deposited carbon whilst the oxygen vacancies could be refilled by CO2 oxidation [18, 28] . Additionally, as seen in Fig. 3 , La-promoted catalyst was more resistant to carbon deposition than Ce-doped catalyst since La-promoted catalyst possessed a smaller NiO crystallite size (cf. Table 1 ). Christensen et al. reported that lesser size of NiO crystals had a greater saturation concentration of carbon and hence a lower driving force for diffusing carbon through NiO particles [29] . 
Catalytic activity and stability
A long-term stability test of 24 h was performed for both promoted and unpromoted 10%Ni/SBA-15 catalysts in order to examine catalytic performance and stability for MDR reaction. As seen in Fig. 4 , both CH4 and CO2 conversions improved with promoter addition in the order; unpromoted < Ce-promoted < La-promoted 10%Ni/SBA-15 catalysts opposite to the trend of carbon deposition (cf. Fig. 3 ) responsible for low catalytic activity and high deactivation. CH4 and CO2 conversions of unpromoted and Ce-doped catalysts decreased gradually with time-onstream whilst La-promoted catalyst appeared to be stable over a period of 24 h on-stream rationally owing to the lowest carbon deposition associated with the smallest NiO crystallite size unfavorable for carbon formation [27, 29] , the basic character [27] and high oxygen storage capacity of La2O3 promoter [18, 28] gasifying deposited carbon from methane decomposition reaction. Interestingly, regardless of doped and undoped catalysts, the conversion of CO2 was always superior to that of CH4 symptomatic of the presence of concomitant reverse water-gas shift (RWGS) reaction. In fact, H2/CO values of all catalysts were less than the stoichiometric ratio of 1 further confirming the coexistence of RWGS reaction (cf. Fig. 5(a) ). Remarkably, La-promoted catalyst also exhibited the highest H2 yield of about 80% followed by Ce-doped and undoped catalysts as seen in Fig. 5(b) . 
Conclusion
La-and Ce-promoted 10%Ni/SBA-15 catalysts have been successfully synthesized by the incipient wetness impregnation method. Promoted and unpromoted catalysts exhibited high BET surface area ranging from 303-445 m 2 g -1 . Both active metal and promoters were effectively diffused into the ordered mesoporous channels of SBA-15 support. The crystallite size of NiO phase was reduced with promoter addition from 27.0 to 19.1 nm and promoters were finely dispersed on the catalyst surface. The TPO measurements showed that the promotion of La2O3 and CeO2 improved carbon resilience and La-doped catalyst possessed the highest resistance to coking because of its smallest NiO crystallite size preventing the nucleation and growth of carbonaceous deposition. Apart from La-promoted catalyst, Ce-doped and undoped 10%Ni/SBA-15 catalysts experienced a gradual decline in reactant conversion and H2 yield. La-promoted catalyst seemed to be the optimal catalyst in terms of conversion, H2 yield and stability. H2/CO ratio of less than unity for both unpromoted and promoted catalysts indicated the occurrence of a parallel side reaction, i.e., RWGS reaction consuming H2 to form more CO gaseous product.
